Testing supersymmetric Higgs inflation with non-Gaussianity by Kawai, Shinsuke & Kim, Jinsu
Testing supersymmetric Higgs inflation with non-Gaussianity
Shinsuke Kawai1, ∗ and Jinsu Kim1, †
1Department of Physics, Sungkyunkwan University, Suwon 440-746, Korea
(Dated: February 13, 2015)
We investigate multifield signatures of the nonminimally coupled supersymmetric Higgs inflation-
type cosmological scenario, focusing on the two-field Higgs-lepton inflation model as a concrete
example. This type of inflationary model is realized in a theory beyond the Standard Model embed-
ded in supergravity with a noncanonical Ka¨hler potential. We employ the backward δN formalism
to compute cosmological observables, including the scalar and tensor power spectra, the spectral
indices, the tensor-to-scalar ratio, and the local-type nonlinearity parameter. The trajectory of the
inflaton is controlled by the initial conditions of the inflaton as well as by the coefficients in the Ka¨hler
potential. We analyze the bispectrum of the primordial fluctuations when the inflaton trajectory de-
viates from a straight line and obtain constraints on the noncanonical terms of the Ka¨hler potential
using the Planck satellite data. Our analysis represents a concrete particle phenomenology-based
case study of inflation in which primordial non-Gaussianities can reveal aspects of supergravity.
PACS numbers: 12.60.Jv, 04.65.+e, 98.80.Cq, 98.70.Vc
I. INTRODUCTION
In cosmology, the precision of measurements has dra-
matically improved in the last decade or so. The re-
cent Planck satellite experiments of the cosmic microwave
background (CMB), for example, indicate that the scalar
spectral index ns, the tensor-to-scalar ratio r, and the
local-type nonlinearity parameter f localNL are in the fol-
lowing windows [1–3]:
ns = 0.9603± 0.0073 (68% C.L.),
r < 0.12 (95% C.L.),
f localNL = 2.7± 5.8 (68% C.L.). (1)
Eventually, these data are to be accounted for by a model
of the Universe based on, ideally, a well-motivated the-
ory of particle physics. The leading account of the early
Universe in agreement with present observational data
is inflationary cosmology, which emerged as a solution
to the flatness, horizon, and monopole problems of the
standard big bang cosmology. Currently, inflationary
model building is somewhat postmodernistic—there is
a plethora of toy models inspired by string theory and
M theory, among others, and many of them can be ad-
justed to fit the data. Future observation could change
this situation, however, as measurements with increasing
accuracy are expected to put many models under pres-
sure.
To build a realistic cosmological scenario beyond in-
flationary toy models, the supersymmetric extension of
the Standard Model provides a technically natural and
phenomenologically well-motivated framework. A consis-
tent scenario of cosmology needs to be compatible with
∗Electronic address: kawai(AT)skku.edu
†Electronic address: kimjinsu(AT)skku.edu
physics at low energies, including particle phenomenol-
ogy at collider scales, and thus must incorporate the
Standard Model in some form. Moreover, if the energy
scale of inflation turns out to be as high as H ≈ 1014
GeV (H is the Hubble parameter) as implied1 by the BI-
CEP2 experiments [7], it is plausible that supersymme-
try plays some role in the physics of inflation. Recently
there has been a keen interest in the Standard Model
Higgs inflation model [8, 9], in which the gravitationally
coupled Higgs field is identified as the inflaton. A super-
symmetric version of the Higgs inflation model was im-
plemented first in the next-to-minimal supersymmetric
Standard Model (NMSSM) [10–13]. Subsequently, var-
ious other models—based on the supersymmetric Pati–
Salam model [14], the supersymmetric grand unified the-
ory [15, 16], the supersymmetric B-L model [17], and the
supersymmetric seesaw model [18–20]—were proposed.
In contrast to the Standard Model Higgs inflation model,
these supersymmetric models necessarily involve multiple
scalar fields participating in the dynamics of inflation.
The effects of multiple fields, so far, have not been stud-
ied in full detail, due to the complexities pertaining to
the larger degrees of freedom.
In this paper, we discuss non-Gaussianities of the pri-
mordial fluctuations in these supersymmetric Higgs in-
flation models. It is well known that single-field inflation
typically predicts primordial fluctuations of the Gaussian
spectrum; hence, detection of sizeable non-Gaussianities
would be strong evidence for multifield inflation. Since
present observation of cosmological parameters is all con-
sistent with the prediction of single-field inflation [2], we
shall take a modest approach and start from a single-field
limit, that is, inflation with a straight inflaton trajectory.
We then analyze how the prediction for the bispectrum
1 Presuming that the observed B-mode polarization results from
the primordial tensor mode fluctuations. See also Refs. [4–6].
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2changes as the trajectory deviates from a straight line.
For the sake of concreteness, we consider the inflation-
ary model based on the supersymmetric seesaw model,
which is dubbed the supersymmetric Higgs-lepton infla-
tion (HLI) model [18–20]. Also, we focus on the two-field
case for simplicity. To compute the fluctuation spectrum
of the inflationary model, we use the backward formu-
lation [21–23] of the δN -formalism [24–29]. We find by
numerical computations that the bispectrum of the infla-
tionary model is susceptible to a change of the inflaton
trajectory, a fact known in generic cases; see, e.g., Refs.
[30–33]. Since the shape of the trajectory depends on
a parameter of the Ka¨hler potential in the class of in-
flationary models we consider, constraints on the Ka¨hler
potential are obtained from the experimental bounds of
non-Gaussianities (1). While the details can be model de-
pendent, the generic features of the outcome should be
common in other similar models. To illustrate another
example of supersymmetric Higgs inflation, we comment
on the NMSSM-based model in Appendix B.
Non-Gaussianities have been studied extensively in
various multifield inflationary models. The possibility of
generating large local-type non-Gaussianities is pointed
out in Ref. [34], and the conditions for it are studied
in Refs. [35, 36]. The literature on inflationary mod-
els with nontrivial field space resulting from nonminimal
coupling includes Refs. [33, 37, 38]. Multifield analyses
of supergravity-based inflationary toy models similar to
ours in spirit include Refs. [39–41].
The rest of this paper is organized as follows. In Sec.
II, we illustrate the HLI model, which is our main focus.
In Sec. III, we give a brief review of the backward δN
formalism and define quantities describing cosmological
observables. The numerical results are shown in Sec. IV,
and observational constraints on the parameter space are
also discussed there. We conclude in Sec. V with com-
ments. Some formulas of the δN formalism are collected
in Appendix A, and the NMSSM-based supersymmetric
Higgs inflation model is described briefly in Appendix B.
II. INFLATIONARY MODEL
In this paper, we consider a model of inflation de-
scribed by the Lagrangian density2
L = √−g
[
1
2
R− 1
2
GIJg
µν∂µφ
I∂νφ
J − V (φI)
]
, (2)
where gµν is the spacetime metric (we consider the
flat Friedmann–Lemaˆıtre–Robertson–Walker background
2 Our conventions are gµν = (−,+,+,+), Rλµρν = Γλµν,ρ −
Γλµρ,ν + Γ
λ
κρΓ
κ
µν − ΓλκνΓκµρ, Rµν = Rρµρν , and R = gµνRµν
for the spacetime and similarly for the field space except that
the metric is Gab = (+,+). The reduced Planck mass MP =
1/
√
8piGN = 2.436 × 1018 GeV is set to unity unless otherwise
indicated.
metric), R is the Ricci scalar of the spacetime, and
g ≡ det gµν . We have two real scalar fields φ1 ≡ s
and φ2 ≡ h. The indices are µ, ν, · · · = 0, 1, 2, 3 and
I, J, · · · = 1, 2. We will be interested in the special form
of the field space metric GIJ given by
Gss =
1
12υs
4 + (1− 2υs2)(1 + ξh2)
Φ2
,
Gsh = Ghs = −ξhs(1− υs
2)
Φ2
,
Ghh =
6ξ2h2 + Φ
Φ2
, (3)
where ξ, υ (Greek letter upsilon) are real parameters and
Φ ≡ 1− 1
6
s2 +
1
12
υs4 + ξh2. (4)
The Christoffel symbol on the field space is
Γ111 =
υs
[
s2 − 12{1 + (1 + 6ξ)ξh2}]
6C
+
s(1− υs2)
3Φ
,
Γ112 = −
ξh
Φ
, Γ122 = −
(1 + 6ξ)(1− υs2)s
6C
,
Γ211 = −
υs2ξh
C
, Γ212 =
(1− υs2)s
6Φ
, (5)
Γ222 =
12(1− ξh2) + υs4 − 2s2
12hΦ
− 12 + (s
2 − 24)υs2
12hC
,
where
C ≡ Φ3detGIJ
= 1− 2υs2 + (1 + 6ξ)(1− 2υs2)ξh2 + 1
12
υs4 . (6)
The scalar curvature of the field space is
R = −1
3
− (1 + 6ξ)υs
2Φ2
3C2
. (7)
Note that the Riemann curvature is written by the scalar
curvature as RIJKL =
1
2R(δ
I
KGJL − δILGJK) in two di-
mensions.
The two-field Lagrangian (2) with the field space met-
ric (3) is obtained from supergravity with a particu-
lar type of (noncanonical) Ka¨hler potential. This class
of cosmological scenario includes those based on the
NMSSM [10–13], the supersymmetric Pati–Salam model
[14], the supersymmetric grand unified theory [15], and
the supersymmetric seesaw model [18–20]. The form
of the potential V (φI) depends on details of each phe-
nomenological setup. In this paper, we focus on the HLI
model based on the supersymmetric seesaw. Below in
this section, we review the construction of this model
[18–20]. For comparison, we sketch the model based on
the NMSSM in Appendix B.
A. Supersymmetric seesaw model
The supersymmetric seesaw model is an extension of
the minimal supersymmetric Standard Model (MSSM)
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FIG. 1: The shape of the scalar potential V (φI) for M = 1 TeV and υ = 0 (left), υ = 0.055 (center), and υ = 0.1 (right).
The parameter ξ is fixed to ξ = 3.696 × 10−3 by the condition that in the single-field limit the amplitude of the curvature
perturbation corresponding to Ne = 60 e-folds is Planck normalized As = 2.215 × 10−9 [2]. The red curves are the inflaton
trajectories with initial conditions sinit = 0, s˙init = 0 at h = hinit = 21.99 (this value of hinit corresponds to Ne = 60 e-folds
in the single-field limit); the initial value for h˙ is determined by the slow-roll equation of motion. On each panel, the point
(s, h) = (0, 21.99) is marked with a black dot. On the left panel (υ = 0), the flat regions on the sides represent negative V (φI),
which are considered unphysical. For small values of υ, a trajectory can reach the supersymmetric vacuum (s, h) = (0, 0) only
when the initial conditions are fine-tuned (sinit = 1.617 × 10−11, s˙init = 0 for the yellow dashed curve). For generic initial
conditions, the inflaton will fall into either of the V (φI) < 0 regions (so does the red curve in the case of sinit = 0, s˙init = 0).
When υ = 0.055 (center), the potential is stabilized in the s-field direction. The orange dotted curve that makes a mild turn
corresponds to sinit = 1.0 × 10−5, s˙init = 0. When υ = 0.1 (right), the trajectories are more convergent. Two trajectories
[initial conditions (sinit, s˙init) = (0, 0) and (1.0× 10−5, 0)] are shown, but they are almost indistinguishable.
by adding a right-handed neutrino superfield N cR. Its
simplest version is described by the superpotential
W = WMSSM +
1
2
MN cRN
c
R + yDN
c
RLHu , (8)
where yD is the Dirac Yukawa coupling, M is the seesaw
mass parameter, and
WMSSM = µHuHd + yuu
cQHu + ydd
cQHd + yee
cLHd ,
(9)
with the MSSM superfields Q, uc, dc, L, ec, Hu, and Hd.
In Eq. (9), µ is the MSSM µ parameter, and yu, yd, and
ye are the Yukawa couplings. Assuming odd R parity
for N cR, the superpotential (8) preserves the R parity.
For generation of the small nonvanishing (left-handed)
neutrino masses by the seesaw mechanism [42], the Dirac
Yukawa coupling yD and the right-handed neutrino mass
M in Eq. (8) must satisfy the seesaw relation
mν =
y2D〈Hu〉2
M
, (10)
where mν is the left-handed neutrino mass and 〈Hu〉 ≈
174 GeV is the Higgs vacuum expectation value at low
energies. Evaluating the neutrino mass by m2ν = ∆m
2
32 ≈
2.44× 10−3 eV2 [43], we find
yD =
(
M
6.13× 1014 GeV
)1/2
. (11)
B. Higgs-lepton inflation
The HLI model assumes that slow roll takes place
along the up-type Higgs doublet-lepton doublet (L-Hu)
D-flat direction of the supersymmetric seesaw model.
Parametrizing this direction using a superfield ϕ as
L =
1√
2
(
ϕ
0
)
, Hu =
1√
2
(
0
ϕ
)
, (12)
the superpotential becomes, ignoring Q, uc, dc, ec, and
Hd that do not play any role during inflation,
W =
1
2
MN cRN
c
R +
1
2
yDN
c
Rϕ
2 . (13)
This is embedded in supergravity with the Ka¨hler poten-
tial (in the superconformal framework) K = −3Φ, where
the real function Φ is chosen to be
Φ = 1− 1
3
(|N cR|2 + |ϕ|2)+ 14γ (ϕ2 + c.c.)+ 13υ|N cR|4 ,
(14)
with γ, υ ∈ R. The term proportional to γ violates the R
parity (which is benign [19]), and the one proportional to
υ represents a higher-dimensional term that controls the
inflaton trajectory. For simplicity, we consider only one
generation of the right-handed neutrino3 and take yD to
be real.
3 It is straightforward to extend this model to the phenomeno-
logically realistic cases of two or three generations of the right-
handed neutrinos [19].
4Introducing real scalar fields s and h by ϕ = 1√
2
h and
N cR =
1√
2
s (here ϕ and N cR are understood as the scalar
components), the scalar-gravity part of the Lagrangian
reads [44]
LJ =
√−gJ
[
1
2
ΦRJ − 1
2
gµνJ ∂µh∂νh−
1
2
κgµνJ ∂µs∂νs− VJ
]
,
(15)
where
κ = 1− 2υs2, ξ ≡ 1
4
γ − 1
6
, (16)
and Φ is given by Eq. (4). For υ 6= 0, the Ka¨hler metric
is nontrivial. The potential is found to be
VJ =
1
4
y2Ds
2h2 +
(2
√
2Ms+ yDh
2)2
16(1− 2υs2)
− 1
8
s2
(√
2Ms+ 3γyDh
2 − υs2(yDh2+2
√
2Ms)
1−2υs2
)2
12 + υs
4
1−2υs2 + 3γh
2( 32γ − 1)
.
(17)
The Lagrangian (15) involves nonminimal coupling of the
scalar fields to gravity (the subscript J stands for the
Jordan frame). Upon Weyl rescaling of the metric, one
may go to the Einstein frame in which the scalars are
minimally coupled to gravity. The resulting Lagrangian
is the one we saw at the beginning (2), with the scalar
potential in the Einstein frame given by V (φI) = Φ−2VJ.
One can see from Eqs. (4) and (17) that the shape
of the potential V (φI) is controlled by the four parame-
ters M , yD, γ (or ξ), and υ, among which yD is deter-
mined by the seesaw relation (11) from M . Moreover,
the amplitude of the curvature perturbation (we use the
Planck normalization As = 2.215 × 10−9 [2]) provides
constraints on the shape of the potential; we use this
condition to fix the value of ξ for a given number of e-
folds Ne (see Sec. II C below). Thus, when Ne and M
are given, the potential depends only on υ. In Fig. 1, we
depict the shape of the potential in the Einstein frame
V (φI) when M = 1 TeV, Ne = 60, and υ is varied as
υ = 0, 0.055, 0.1. For large values of υ, the s field be-
comes massive and the inflaton trajectory is forced to lie
along the s = 0 direction. This feature is used in the pre-
vious studies of the supersymmetric Higgs inflation-type
scenarios [10–15, 18–20] where only single-field inflation
was considered. For smaller υ, an inflaton trajectory is
curved (see Fig. 1), and the single-field inflation picture
breaks down. While it is possible to consider the single-
field case by introducing a large enough quartic Ka¨hler
term, it would certainly be important to investigate what
will happen to the cosmological observables when υ is
smaller and the multifield effects are not negligible. Be-
fore starting to study the multifield case in Sec. III, we
shall briefly review the prediction of this model in the
single-field limit.
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FIG. 2: The scalar spectral index ns and the tensor-to-scalar
ratio r computed in the single-field (straight trajectory) limit.
The prediction of the HLI model is the dark blue lines, for e-
folding number Ne = 40, 50, 60, 70 from the left. The numbers
shown alongside are the seesaw scale M in GeV. The param-
eter ξ is fixed by the amplitude of the density fluctuations.
The contours on the background are the 68% and the 95%
C.L. from the Planck (Planck+WP+highL) [1] (shown in red)
and the BICEP2 (Planck+WP+highL+BICEP2) [7] experi-
ments (blue). The blue dashed line indicates the prediction
of the minimally coupled λφ4 model [ns = 1 − 3/(Ne + 32 ),
r = 16
3
(1 − ns)], and the green dotted line is the minimally
coupled m2φ2 model [ns = 1− 2/(Ne + 12 ), r = 4(1− ns)].
C. Prediction in single-field limit
This type of inflationary model has been analyzed in
detail in the single-field limit [11, 12, 14, 15, 18–20] (see
also Refs. [10, 13]). Here, we summarize the predic-
tion of the HLI model. When the s field is stablized at
s = 0, the potential (17) dramatically simplifies, and the
Lagrangian (2) becomes
L = √−g
[1
2
R− 1 + (1 + 6ξ)ξh
2
2(1 + ξh2)2
gµν∂µh∂νh
− y
2
Dh
4
16(1 + ξh2)2
]
. (18)
M (GeV) yD
ξ
Ne = 50 Ne = 60 Ne = 70
103 1.277× 10−6 0.001588 0.003696 0.005957
104 4.039× 10−6 0.03333 0.04612 0.05956
106 4.039× 10−5 0.7862 0.9490 1.112
1012 0.04039 868.4 1031 1194
TABLE I: The seesaw massM , the Dirac Yukawa coupling yD
and the nonminimal coupling parameter ξ. These quantities
are related one-to-one due to the seesaw relation (11) and the
Planck normalization of the curvature perturbation.
5This is the Lagrangian of the nonminimally coupled λφ4
model [45], which includes the nonminimally coupled
Standard Model Higgs inflation model [8, 9] as a special
case. Note that the Einstein frame Lagrangian (18) can
be obtained directly by Weyl transforming the Jordan
frame Lagrangian
LJ =
√−gJ
[1 + ξh2
2
RJ − 1
2
gµνJ ∂µh∂νh− λh4
]
, (19)
where we identify λ ≡ y2D16 .
The single-field model (18) contains two real param-
eters ξ and yD. These are not independent, given that
the amplitude of the primordial curvature perturbation
is normalized as As = 2.215 × 10−9 [2]. The model is
then parametrized by (say) yD only, for a given number
of e-folds Ne. The value of λ =
y2D
16 depends on phe-
nomenological setup underlying the inflationary model.
In the case of Standard Model Higgs inflation, the pa-
rameter λ is the Higgs self-coupling, λ ∼ O(1) in the low
energies, which gives ξ ∼ 102−104 (with the renormaliza-
tion group effects taken into account). In the HLI model,
in contrast, there are no severe experimental constraints
on the Dirac Yukawa coupling yD, and correspondingly
the value of the nonminimal coupling parameter can be
ξ . O(1). In Table I, we list the values of M , yD, and ξ
for Ne = 50, 60, and 70 e-foldings.
Once the shape of the single-inflaton potential in the
Einstein frame is determined, the slow-roll paradigm
gives a prediction for the spectra of the primordial fluc-
tuations. The values of the scalar spectral index ns and
the tensor-to-scalar ratio r in the single-field case are
shown in Fig. 2, for given values of the e-folding num-
ber Ne and the seesaw mass parameter M [recall that
M and yD are related by Eq. (11)]. The uppermost
points (M = 589 GeV, 346 GeV, and 220 GeV) corre-
spond to minimal coupling, ξ = 0. Also shown on the
background are the 68% and 95% C.L. contours from
the Planck (Planck+WP+highL, red) [1] and the BI-
CEP2 (Planck+WP+highL+BICEP2, blue) [7] experi-
ment. An interesting feature of the HLI model is that
observation of the tensor-to-scalar ratio gives the seesaw
scale M . Small values of r (the observation by the Planck
satellite) indicate a large seesaw scale, whereas large r im-
plied by the BICEP2 experiments suggests small seesaw
scale. It has been also pointed out that, if the underlying
theory is the type-III seesaw mechanism, the parameter
region favored by BICEP2 falls into an interesting mass
range that can be searched by the LHC at the 14 TeV
run [20]. The HLI model also has other salient features.
It is based on the well-motivated supersymmetric seesaw
model of particle physics, naturally explaining the small
neutrino masses through the seesaw mechanism [42]; the
unitarity problem of the Standard Model Higgs inflation
[46–52] is alleviated as the coupling ξ can be small; lep-
togenesis can be implemented. The model can be tested
by the future ground-based, satellite and collider exper-
iments, and thus the prediction of the model deserves
careful study. In the next section, we explain the δN
formalism on which our numerical study of the two-field
inflation model is based.
III. δN FORMALISM
In this section, we collect elements of cosmological per-
turbation theory that are needed for our numerical study.
Our computation of various cosmological observables is
based on the δN formalism [21–29], which has become
standard for studying multifield inflation. The δN for-
malism is particularly powerful for analyzing the super-
horizon evolution of the curvature perturbation, which is
our main focus. We essentially follow the notations of
Refs. [21, 22] (see also Refs. [23, 53]).
A. Backward formalism
We shall start by writing the background Klein–
Gordon equation and the Friedmann equation in the fol-
lowing forms,
d2φI
dN2
+ ΓIJK
dφJ
dN
dφK
dN
+
(
3 +
1
H
dH
dN
)
dφI
dN
+
GIJ∂JV
H2
= 0 ,
(20)
H2 =
1
3
(
V +
1
2
H2GIJ
dφI
dN
dφJ
dN
)
, (21)
where I = 1, 2. We have chosen the e-folding number
N defined by dN = Hdt as the time variable. The
e-folding number Ne in the previous section is Ne =
N |end of inflation−N∗, where N∗ is the e-folding number at
the horizon exit of the CMB scale. The metric GIJ and
the Christoffel symbol ΓIJK of the field space are given
by Eqs. (3) and (6). Renaming the field value and the
field velocity as
ϕI1 ≡ φI , ϕI2 ≡
dφI
dN
=
dϕI1
dN
, (22)
the background equations of motion become
F I1 ≡
dϕI1
dN
= ϕI2 ,
F I2 ≡
DϕI2
dN
= − V
H2
ϕI2 −
V I
H2
, (23)
and
H2 =
2V
6−GIJϕI2ϕJ2
. (24)
Here, V I ≡ GIJ∂JV , and D denotes the covariant deriva-
tive in the field space, i.e., DϕI2 = dϕ
I
2 + Γ
I
JKϕ
J
2 dϕ
K
1 .
Following Refs. [21–23], we introduce a compact nota-
tion,
Xa ≡ XIi . (25)
6The slow-roll parameters are defined as4
 ≡ − H˙
H2
= − 1
H
dH
dN
, η ≡ ˙
H
(26)
(the dot denotes a derivative with respect to the cosmic
time), and we assume , |η| < 1 during inflation and
max{, |η|} = 1 at the end of inflation. Temporal viola-
tion of the slow-roll approximation is possible as long as
the number of e-foldings is not affected significantly, but
we do not need to consider such cases in our study.
Based on the δN formalism, the curvature perturba-
tion ζ is related to the difference of the number of e-
foldings between an initial flat hypersurface and a final
uniform energy density hypersurface. We take the ini-
tial flat hypersurface to be at the Hubble exit time (i.e.,
N = N∗) and the final time to be N = Nc after which the
background trajectories converge. The curvature pertur-
bation, then, will remain constant for N > Nc. Thus, we
find
ζ(Nc) ≈ δN(Nc, ϕ(N∗))
= N∗a δϕ
a
∗ +
1
2
N∗abδϕ
a
∗δϕ
b
∗ + · · · , (27)
where δϕa∗ ≡ δϕa(N∗) is the perturbation evaluated at
the initial flat hypersurface, Na ≡ DN/∂ϕa, etc.
The perturbations of the scalar fields on the constant
energy density hypersurface, i.e., in the N = constant
gauge, are given by
δϕa(λ,N) ≡ ϕa(λ+ δλ,N)− ϕa(λ,N) , (28)
where λ’s are the 2n − 1 integration constants for an n-
component scalar field (we consider n = 2), parametriz-
ing the initial values of the fields [21, 22]. We will be
interested in cosmological observables up to the bispec-
trum of the curvature perturbation. For our purposes, it
is convenient to decompose δϕa into the first- and second-
order quantities as
δϕa =
(1)
δϕa +
1
2
(2)
δϕa . (29)
Perturbing the set of the background equations of motion
(23), we obtain
D
dN
(1)
δϕa(N) = P ab(N)
(1)
δϕb(N) , (30)
and
D
dN
(2)
δϕa(N) = P ab(N)
(2)
δϕb(N) +Qabc(N)
(1)
δϕb(N)
(1)
δϕc(N) .
(31)
4 These slow-roll parameters are convenient for multifield in-
flation. In the single-field limit, they are related to V ≡
M2P(V
′/V )2/2, ηV ≡ M2PV ′′/V by  = V , and η = 4V − 2ηV .
In Fig. 2, we used max{V , |ηV |} = 1 as the condition for the
end of slow roll.
The explicit forms of P ab and Q
a
bc are given in Appendix
A 1.
We may write down formal solutions of Eqs. (30) and
(31) as
(1)
δϕa(N) = Λab(N,N∗)
(1)
δϕb(N∗) ,
(2)
δϕa(N) =
∫ N
N∗
dN ′ Λab(N,N ′)Qbcd(N ′)
(1)
δϕc(N ′)
(1)
δϕd(N ′) ,
(32)
where Λab satisfies
D
dN
Λab(N,N
′) = P ac(N)Λcb(N,N ′) (33)
and Λab(N,N) = δ
a
b . Here, we have chosen λ
a = ϕa(N∗)
so that we have δϕa(N∗) = δλa. Thus, the second-order
perturbation vanishes at N = N∗.
Now, if we take NF to be some time later during
the scalar dominant phase, the curvature perturbation
is rewritten as follows:
ζ(Nc) ≈ δN(Nc, ϕ(NF ))
= NFa δϕ
a
F +
1
2
NFabδϕ
a
F δϕ
b
F + · · · . (34)
Comparing with Eq. (27), we have
N∗a = N
F
b Λ
b
a(NF , N∗) (35)
and
N∗ab = N
F
cd Λ
c
a(NF , N∗)Λdb(NF , N∗)
+2
∫ NF
N∗
dN ′Nc(N ′)Qcde(N ′)Λda(N ′, N∗)Λeb(N ′, N∗) .
(36)
It is convenient to introduce a quantity Θ, defined by
Θa(N) ≡ Λac(N,N∗)AcbN∗b , (37)
where Aab is the normalization factor of the two-point
correlation function 〈δϕa∗δϕb∗〉 including the slow-roll cor-
rections [25, 54, 55]. The definition and the explicit forms
of Aab are given in Appendix A 1. Then, Na(N) and
Θa(N) satisfy the following equations:
D
dN
Na(N) = −Nb(N)P ba(N) ,
D
dN
Θa(N) = P ab(N)Θ
b(N) . (38)
Following the prescription of Ref. [21], we first solve the
first equation of Eq. (38) backward until N = N∗, with
the initial conditions Na(NF ) = N
F
a . Then, with the
initial conditions Θa(N∗) = AabN∗b , we solve the second
equation of Eq. (38) forward until N = NF .
The explicit expressions for NFa and N
F
ab, which are
presented in Appendix A 2, may be obtained by using
7the fact that the uniform energy density hypersurface is
equivalent to the constant Hubble hypersurface on the
superhorizon scales [21] (see also Refs. [33, 56]),
H(ϕa(NF + ζ(NF ))) = H(
(0)
ϕa(NF )) , (39)
where
(0)
ϕa are the background trajectories. Note that NF
is a uniform energy density hypersurface, and we neglect
the later evolution of the curvature perturbations [21].
B. Cosmological observables
Using the backward formalism, one can compute var-
ious cosmological observables. Here, we give the expres-
sions for the scalar and tensor power spectra, the scalar
and tensor spectral indices, the tensor-to-scalar ratio,
and the nonlinearity parameter [21–24, 53].
1. Power spectra
In momentum space, the two-point correlator of the
curvature perturbation is written as
〈ζk1ζk2〉 = (2pi)3δ3 (k1 + k2)Pζ(k). (40)
The power spectrum of the scalar perturbation is given
by
PS = k
3
2pi2
Pζ(k), (41)
and in the δN formalism it is expressed as [24, 55]
PS =
(
H∗
2pi
)2
Aab∗ N
∗
aN
∗
b . (42)
Similarly, the power spectrum of the tensor perturbation
is
PT = k
3
2pi2
Ph(k), (43)
where Ph(k) is given by the two-point correlator of the
tensor perturbation
〈hij(k1)hij(k2)〉 = (2pi)3δ(k1 + k2)Ph(k). (44)
In the δN formalism,
PT = 8
(
H∗
2pi
)2 [
1 + 2(α− 1)]∗ , (45)
where α ≡ 2− ln 2− γEM ' 0.7296, with γEM ' 0.5772
the Euler–Mascheroni constant.
2. Spectral indices
The spectral index for the scalar perturbation is
ns − 1 = D lnPS
d ln k
' D lnPS
dN
, (46)
where we used d ln k = d ln aH ' d ln a = dN to obtain
the last expression. Similarly, the tensor spectral index
is
nt =
D lnPT
d ln k
' D lnPT
dN
= −2 1− (α− 1)η
1 + 2(α− 1) (47)
It is implicit that these quantities are evaluated at N =
N∗.
3. Tensor-to-scalar ratio
The tensor-to-scalar ratio is defined by
r ≡ PTPS , (48)
and using Eqs. (42) and (45), we have
r = 8
[
1 + 2(α− 1)]∗
Aab∗ N∗aN∗b
. (49)
4. Nonlinearity parameter
The nonlinearity parameter fNL is a measure of non-
Gaussianities in the primordial density fluctuations, de-
fined by the bispectrum, i.e., the three-point correlation
function of the curvature perturbation
〈ζk1ζk2ζk3〉 = (2pi)3δ3 (k1 + k2 + k3)Bζ(k1, k2, k3).
(50)
We will be focusing on the so-called local-type nonlinear-
ity parameter, defined through the ratio of the bispec-
trum and the power spectrum as
Bζ(k1, k2, k3) =
6
5
f localNL
{
Pζ(k1)Pζ(k2) + 2 perms
}
.
(51)
The local-type non-Gaussianity is generated by nonlin-
ear interactions after the horizon exit [57–60]. There are
other types of non-Gaussian profiles that can be gener-
ated in different mechanisms (see, e.g., Ref. [61]).
The local-type nonlinearity parameter fNL = f
local
NL (we
will omit “local” hereafter) is conveniently computed us-
ing the δN formalism [28], and its leading contribution
(the scale-independent part) is
fNL ' f (4)NL =
5
6
Aac∗ A
bd
∗ N
∗
cN
∗
dN
∗
ab
(Aab∗ N∗aN∗b )
2 (52)
(the superscript “(4)” denotes the the scale-independent
part in the convention of Refs. [62, 63]). Other (scale-
dependent) parts are subleading and will be neglected.
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FIG. 3: The amplitude of the scalar perturbation As as a function of υ (left). The initial condition for the s field is chosen as
sinit = 0, 1.0× 10−7, 1.0× 10−6, and 1.0× 10−5. The initial conditions for s˙init, hinit, and h˙init are the same as in Fig. 1. The
green-shaded region is the Planck constraints [1] As = (2.23± 0.16)× 10−9. The panel on the right shows the contour plot for
−10−5 ≤ sinit ≤ 10−5 and 0.06 ≤ υ ≤ 0.07. The parameter region within the Planck constraints is shaded red.
IV. NUMERICAL RESULTS
We present the numerical results of our analysis in this
section. Before going into details, we comment on our
strategy and the method. Our analysis is based on the
δN formalism as outlined in the previous section5. This
formalism assumes complete decay of the isocurvature
mode before the final hypersurface is reached. Our re-
sults presented here also hinge upon this assumption.
The fate of the isocurvature mode is in general model
dependent, and in the particular model discussed here,
the dominant component of the isocurvature mode is the
right-handed scalar neutrino, which is expected to decay
and generate lepton numbers. Strictly speaking, cosmo-
logical observables in multifield scenarios depend on de-
tails of the reheating process, and hence it is important to
keep in mind that our results below include uncertainty
regarding this point. See, e.g., Ref. [67] for a recent
study on the relation between the primordial observables
and the decay process.
We investigate the parameter space only in the vicin-
ity of the single-field limit of the model; for this purpose,
we choose the initial conditions for the inflaton to real-
ize a nearly straight trajectory. We also use the value of
the parameter ξ that is fixed by the normalization of the
scalar power spectrum As in the single-field limit; this
leads to slight inconsistency of the parameter choice as
As also changes as other parameters (υ and the initial
s-field value sinit) are varied. We shall, however, see that
5 We checked our numerical code on simple two-field models with
separable potentials, including Refs. [62–66].
this is a minor issue as the change of As is less signifi-
cant than that of the nonlinearity parameter fNL. Fixing
the value of ξ is also convenient for observing the overall
behavior of the cosmological observables without intro-
ducing complexities.
A. Generic features
1. Procedure and model parameters
We compute the cosmological observables by taking
the following steps. We first fix the values of the e-folding
number Ne and the seesaw mass scale M . In the single-
field limit, there is no more free parameter; the end of
the slow roll is characterized by max{, |η|} = 1, and the
horizon exit of the CMB scale is Ne e-folds back in time
from there. We denote the inflaton value at the horizon
exit determined this way as hinit and use it as the initial
value for the h field. The nonminimal coupling parameter
ξ is fixed by the scalar power spectrum. We next move on
to the two-field model, using the same Ne, M , hinit, and
ξ as above. We use the initial value h˙init for h˙ (derivative
with respect to the cosmic time) given by the slow-roll
equation of motion for the h field (see below), and we
set the initial velocity for the s field to be s˙init=0. We
shall adjust the initial value sinit of the s field to see its
effects on the observables. We then solve the equations
of motion forward in time (down the potential), using a
certain value of the Ka¨hler potential parameter υ. The
resulting trajectory is generally curved; we identify the
end of the slow roll using the condition max{, |η|} = 1
(for the two-field model) and denote the field values there
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FIG. 4: The nonlinearity parameter fNL as a function of υ (left). The initial conditions for the s field are chosen as sinit = 0,
1.0 × 10−7, 1.0 × 10−6, and 1.0 × 10−5. The initial conditions for s˙init, hinit, and h˙init are the same as in Fig. 1. The green-
shaded region corresponds to the Planck constraints f localNL = 2.7 ± 5.8 [3]. The right panel shows the contour plot of fNL for
−10−5 ≤ sinit ≤ 10−5 and 0.06 ≤ υ ≤ 0.07, with the red shade indicating the parameter region allowed by Planck.
as send, hend. We then solve the equations of motion
backward in time from send, hend for Ne e-folds, to find
the (two-field) horizon exit values of the fields s∗ and h∗.
Finally, we follow the trajectory forward in time to find
the power spectra, the nonlinearity parameter, etc.
In the numerical study below, we use the e-folding
number Ne = 60 and the seesaw mass scale M = 1 TeV
(we also made computation for other parameters; see
the comments below). These are in the parameter range
that is interesting in both cosmology and in particle phe-
nomenology. For the value of ξ, we use ξ = 3.696×10−3,
which is determined by the Planck normalization of the
scalar power spectrum (we use the Planck + WP best-
fit value [1] As = 2.215 × 10−9); see Table I. The Dirac
Yukawa coupling yD is fixed by the seesaw relation (11).
The parameters sinit and υ are to be varied.
2. Initial condition dependence
As shown in Fig. 1, the trajectory of the inflaton is
sensitive to the initial conditions of the field dynamics
when the value of υ is small. Since our focus is on the
prediction of the model as the trajectory deviates from
a straight line, we shall specify the initial values as fol-
lows. We assume that the initial value of s to be small
and the initial h is determined by the single-field value,
e.g., hinit = 21.99 for Ne = 60. As any light field has
quantum fluctuations of the order of the Hubble param-
eter during inflation, we expect small but nonzero values
of initial s. Assuming that the s field is light, the size of
the fluctuations is
〈(∆scan)2〉 ≈ 〈G11(∆s)2〉 ≈ H
2
(2pi)2
, (53)
where scan is the canonically normalized s field in the
Einstein frame. The Hubble parameter at the horizon
exit of the CMB scale is determined by amplitude of the
curvature perturbation and the tensor-to-scalar ratio as
H ≈ pi
MP
√
rAs
2
≈ 0.5× 10−4MP, (54)
where we used r ≈ 0.1. Combining this with Eq. (53),
we evaluate the natural initial values for the s field to be
in the range
−∆s ≤ sinit ≤ ∆s, (55)
where
∆s ' H
2pi
√
1 + ξh ≈ 10−5MP, (56)
in the case of M = 1 TeV and Ne = 60. We thus consider
sinit in the range −10−5MP ≤ sinit ≤ 10−5MP in the
following analysis.
As mentioned, the velocity of the s field is set to zero,
s˙init = 0, and the velocity of the h field is determined by
the slow-roll equation of motion, i.e.,
3Hh˙+GhI
∂V
∂φI
∣∣∣
s=sinit,h=hinit
= 0. (57)
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3. Ka¨hler parameter dependence
Our Ka¨hler potential (14) [see also Eq. (4)] includes
two tuneable parameters γ and υ. The former is deter-
mined by ξ through Eq. (16). We vary υ and investigate
how the observables change. Obviously, one can see from
Eq. (4) that there are no effects of υ when s = 0; in this
case, the the model becomes the nonminimally coupled
λφ4 model that we illustrated in Sec. II C. The effects of υ
become important when the inflaton trajectory deviates
from s = 0.
As shown on the left panel of Fig. 1, for very small
values of υ, the initial value for s needs to be fine-tuned
to some nonzero value in order for the inflaton trajec-
tory to reach the supersymmetric vacuum (s, h) = (0, 0)
[we see in the expression (17) that the potential V (φI)
is not symmetric in s; thus, a trajectory with the initial
conditions sinit = 0 and s˙inti = 0 does not necessarily
come straight down to the supersymmetric vacuum]. For
larger values of υ, the potential is stabilized in the di-
rection of s, and thus the danger of the trajectory falling
into an unphysical vacuum ceases to bother us. However,
a curved trajectory generally results in cosmological pa-
rameters outside the observational constraints. For even
larger values of υ, the inflaton trajectory becomes in-
sensitive to the initial conditions, and the prediction of
the model converges to that of single-field inflation. As
we start from the single-field limit (large enough υ) that
agrees with observations and tune υ to lower values, the
prediction of the model goes outside the observational
bound at some value of υ. This transition takes place
around υ ∼ 0.0607, for the M = 1 TeV and Ne = 60
case that we consider. While there may be islands in
the parameter space that are compatible with observa-
tions, the analysis as prescribed above gives reasonable
constraints on the Ka¨hler potential in the vicinity of the
straight trajectory background solutions.
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FIG. 5: The amplitude of the tensor perturbation At as a
function of υ, for the initial conditions sinit = 0, 1.0 × 10−7,
1.0 × 10−6, and 1.0 × 10−5. The initial conditions for s˙init,
hinit, and h˙init are the same as in Fig. 1. The tensor mode
does not interact outside the horizon and hence is insensitive
to the change of the background trajectory.
B. Numerical results for cosmological parameters
In this subsection, we describe the behavior of cosmo-
logical parameters as the values of sinit and υ are varied.
1. Scalar power spectrum
The scalar power spectrum (42) may be written as
PS = As
(
k
k0
)ns−1+ 12 dnsd ln k ln kk0 +···
, (58)
where As is the normalized amplitude at the pivot scale
k = k0 and ns is the scalar spectral index that will be
discussed later. This As is to be compared with the ob-
servational constraints [1]
As × 109 = 2.23± 0.16 (Planck),
= 2.196+0.051−0.060 (Planck + WP), (59)
at k0 = 0.05 Mpc
−1. In Fig. 3, we show our numerical
results for the scalar power spectrum (42). The panel on
the left shows the values of PS ≈ As for different initial
conditions sinit = 0, 1.0×10−7, 1.0×10−6, 1.0×10−5 and
for the Ka¨hler potential parameter 0.06 ≤ υ ≤ 0.074. We
have chosen M = 1 TeV and Ne = 60. The green-shaded
region indicates the Planck constrains of Eq. (59). The
right panel shows a contour plot in the sinit–υ plane. The
red-shaded color indicates the allowed parameter region
within the Planck constraints (59).
We see that, as the parameter υ is tuned to a smaller
value, the predicted value of As will become larger and
go out of the observational bounds. For larger |sinit|, the
constraints on υ becomes tighter (the lower bound for
υ becomes larger). This can be understood as an effect
of the isocurvature mode: the curvature perturbation at
superhorizon scales is sourced by the isocurvature mode.
The conversion of power from the isocurvature mode to
the curvature mode takes place when the trajectory is
curved. As a consequence, the curvature perturbation
becomes larger at the end of inflation than at the horizon
exit, and this enhancement is more efficient if the infla-
ton makes a sharp turn (i.e., for larger |sinit|). Because of
the quantum fluctuations, uncertainty of ∆sinit ∼ 10−5 is
expected. This means that fine-tuning of the initial con-
dition for sinit to be less than 10
−5 is unnatural. We thus
conclude that the constraints As = (2.23± 0.06)× 10−9
(Planck) give υ & 0.06767. The Planck + WP con-
straints As = 2.196(
+0.051
−0.060)× 10−9 give a tighter bound,
υ & 0.06827.
2. Scalar bispectrum
Now, we turn our attention to the nonlinearity pa-
rameter fNL. Since the main contribution comes from
the scale-independent part of the local-type bispectrum,
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FIG. 6: The tensor-to-scalar ratio r as a function of υ for the initial values of the s field sinit = 0, 1.0× 10−7, 1.0× 10−6, and
1.0 × 10−5 (left). The initial conditions for s˙init, hinit, and h˙init are the same as in Fig. 1. The panel on the right shows the
contour plot for r in the range −10−5 ≤ sinit ≤ 10−5 and 0.06 ≤ υ ≤ 0.07.
we consider the f
(4)
NL given by the expression (52). The
numerical results are shown in Fig. 4. The left panel
shows fNL for the same parameter choice as in the scalar
power spectrum case above, namely, 0.06 ≤ υ ≤ 0.074
and sinit = 0, 1.0 × 10−7, 1.0 × 10−6, and 1.0 × 10−5.
The nonlinearity parameter becomes large as υ is de-
creased, similarly to the As case above. However, fNL
is more susceptible than As to the multifield effects and
goes outside the Planck constraints at a larger value of υ.
Both the enhancement in As and the generation of fNL
are due to interaction at superhorizon scales. However,
as pointed out, e.g., in Refs. [31, 37], the primary contri-
bution to fNL comes from the change of the curvature-
isocurvature transfer function TζS (proportional to Nab),
whereas the growth of As is caused by TζS itself (∼ Na).
This observation justifies the procedure of our analysis—
the value of ξ was fixed by As, so when As changes, ξ
needs to be readjusted; the above finding indicates that
such readjustment is not necessary within the parameter
range where only fNL changes significantly.
The right panel of Fig. 4 shows a contour plot in the
corresponding parameter region. It indicates that large
non-Gaussianities are obtained within some islands of the
parameter space. This is in agreement with our under-
standing that the local-type non-Gaussianities are gen-
erated at superhorizon scales by nonlinear interactions,
and there is a tradeoff between generation of a sizeable
isocurvature mode and efficient conversion of it into the
curvature mode [30, 31].
3. Tensor power spectrum
Figure 5 shows the behavior of the amplitude of the
tensor mode fluctuations At. We assume this to be nor-
malized at the pivot scale k0 = 0.05 Mpc [2],
PT = At
(
k
k0
)nt+ 12 dntd ln k ln kk0 +···
. (60)
The change of the initial value sinit and the shift of υ
have no effects on At. This is expected, since the tensor
mode fluctuations are generated inside the horizon and
do not interact once they exit the horizon.
Thus, the behavior of the tensor-to-scalar ratio r is
entirely determined by that of the scalar amplitude As
(Fig. 6). Consequently, the multifield effects only lower
the tensor-to-scalar ratio r.
4. Scalar spectral index
In Fig. 7, we show the behavior of the scalar spec-
tral index ns. The behavior agrees well with our un-
derstanding that the curvature perturbation is sourced
by the isocurvature perturbation at superhorizon scales,
and this effect shifts the spectral index. Comparing with
Fig. 4, we see that the Planck constraints on fNL impose
a more stringent bound on υ than ns. The contour plot
on the right panel shares some similarity with the fNL
case; this is attributed to the fact that the shift of ns is
controlled by the derivative of the transfer function TζS
[31, 37].
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5. Tensor spectral index
Finally, we show the tensor spectral index nt in Fig. 8.
As the tensor fluctuations do not interact with the scalar
mode and hence freeze once they exit the horizon, it is
insensitive to the change of the inflaton trajectory. Thus,
the value of nt does not depend on υ nor on sinit.
C. Constraints on the Ka¨hler potential from
non-Gaussianity
We studied above the cosmological observables of the
two-field HLI model in the phenomenologically interest-
ing case of the seesaw mass scale M = 1 TeV and the
e-folding number Ne = 60. For the initial values of the
s field |sinit| . 10−5 that are naturally expected from
quantum fluctuations, we have seen that the nonlinear-
ity parameter fNL, then the scalar spectral index and
the scalar power spectrum deviate from the observation-
ally supported single-field values as we vary the Ka¨hler
potential parameter υ from above. Within the range of
the parameters we have searched, we did not see sig-
nificant change in the tensor power spectrum and the
tensor spectral index. Putting the value of the tensor-
to-scalar ratio r aside, the observational constrains for
the scalar spectral index ns and the local-type nonlin-
earity parameter fNL thus give constraints on the υ pa-
rameter. Figures 3, 4, and 7 show that among them the
nonlinearity parameter puts the most stringent bound,
υ & 0.06925. The large nonlinearity parameter at small
values of υ is understood as a consequence of the nontriv-
ial inflaton trajectory. Generation of non-Gaussianities
involves several competing effects. It is known that large
non-Gaussianities can be generated when the trajectory
makes a turn after spending sufficient e-foldings on an
unstable potential. In fact, there are many studies in the
literature (especially before the Planck satellite mission)
in search of an inflationary model generating large non-
Gaussianities. While non-Gaussianities in the primordial
fluctuations are still elusive, our case study above shows
that the observational bounds are useful in constraining
the model parameters.
We have also analyzed the model for various other pa-
rameter values. For example, in the case of M = 10 TeV
and the same value of the e-folding Ne = 60, we have
ξ ≈ 0.04612 from the Planck normalization of the curva-
ture perturbation in the single-field limit. We obtained
similar constraints on the υ parameter: the 68% bounds
on the scalar spectral index giving υ & 0.01257 and the
68% bounds on fNL giving υ & 0.01246. The scalar power
spectrum changes at a smaller value of υ, and the ten-
sor power spectrum and the tensor spectral index barely
change. Thus, we conclude υ & 0.01257, the strongest
bound put by the scalar spectral index. We find similar
features in other parameter values.
V. CONCLUSION
In this paper, we analyzed the multifield dynamics
of the supersymmetric Higgs inflation-type cosmological
models that are implemented in (beyond) the Standard
Model embedded in supergravity with a noncanonical
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Ka¨hler potential. We studied the two-field HLI model
based on the supersymmetric seesaw model in detail and
studied how the cosmological observables constrain the
model parameters. Realistic particle theory-based infla-
tionary models commonly involve multiple flat directions,
and in such models, the understanding of multidimen-
sional inflaton dynamics is crucial. In the recent Planck
satellite experiment, no sign of non-Gaussianities was de-
tected [3]. However, as we have illustrated in this paper,
the upper bound of the nonlinearity parameter (1) can
be useful for obtaining information on the inflaton tra-
jectory; in our case, this led to the constraints on the
Ka¨hler potential.
The main focus of the present paper was the local-
type nonlinearity parameter fNL, that is, the bispectrum
of the primordial density fluctuations. While fNL is rela-
tively a clean signal of multifield inflation, it is certainly
not the only parameter that characterizes multifield in-
flation. While more dependent on details of the phe-
nomenological setup, constraints from the isocurvature
modes are also a rich source of information. In models
of inflation in which the neutrino sector is involved (such
as the HLI model), the baryon number density through
possible leptogenesis may also provide further constraints
on the model (as discussed in the line of Refs. [68, 69]).
Furthermore, higher-order non-Gaussianities such as the
trispectrum will naturally give richer information on the
multifield dynamics, although, regarding the present sta-
tus of these parameters [3], reliable constraints may not
be obtainable in the near future.
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Appendix A: Expressions for coefficients in the
backward δN formalism
1. P ab , Q
a
bc, and A
ab
The expressions for P ab and Q
a
bc can be obtained by
performing the derivatives of the background equations
of motion with respect to λ. The results are as follows:
P I11J = 0 , P
I2
1J = δ
I
J ,
P I12J = −
∇J∇IV
H2
+
(∇IV )(∇JV )
H2V
−RIKJLϕK2 ϕL2 ,
P I22J = GJKϕ
K
2 ϕ
I
2 −
V
H2
δIJ +
∇IV
V
GJKϕ
K
2 , (A1)
and
QI111JK = −RIJKLϕL2 ,
QI121JK = Q
I21
1JK = Q
I22
1JK = 0 ,
QI112JK = −
(∇JRIMKL)ϕM2 ϕL2 − ∇K∇J∇IVH2
+
2
(∇J∇IV ) (∇KV )
H2V
+
(∇IV ) (∇K∇JV )
H2V
− 2
(∇IV ) (∇JV ) (∇KV )
H2V 2
,
QI122JK = −2RIKJLϕL2 +
∇J∇IV
V
GKLϕ
L
2
−
(∇IV ) (∇JV )
V 2
GKLϕ
L
2 ,
QI212JK = −RILKJϕL2 +
∇K∇IV
V
GJLϕ
L
2
−
(∇IV ) (∇KV )
V 2
GJLϕ
L
2 ,
QI222JK = 2GJLϕ
L
2 δ
I
K +GJKϕ
I
2 +GJK
∇IV
V
. (A2)
The quantity Aab is defined via the two-point correla-
tion function of field perturbations, δϕa, as follows:
〈δϕa∗δϕb∗〉 = Aab
(
H∗
2pi
)2
. (A3)
After including the slow-roll corrections, the (1, 1) com-
ponent of Aab is given by [25]
〈δϕI1∗δϕJ1∗〉 =
(
H∗
2pi
)2 [
GIJ − 2GIJ + 2α KLMKLGIJ
]
∗ ,
(A4)
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where
KL ≡ GKL +
(
GKMGLN − 1
3
RKMLN
)
ϕM2 ϕ
N
2
− ∇K∇LV
3H2
, (A5)
and
MKL ≡ N
1
KN
1
L
GABN1AN
1
B
. (A6)
The other components of Aab can be obtained by con-
sidering the derivatives of the background equations of
motion with respect to λ. Assuming that the slow-
roll conditions are satisfied at the Hubble exit, i.e., at
N = N∗, we find
(1)
δϕI2 ≈
[(∇IV ) (∇JV )
V 2
− ∇J∇
IV
V
]
(1)
δϕJ1 ≡ ∆IJ
(1)
δϕJ1 .
(A7)
The resultant expressions for the components of Aab,
with slow-roll corrections, are found to be
AIJ11 = G
IJ − 2GIJ + 2αGIJKLG
KCGLDN1CN
1
D
GABN1AN
1
B
,
AIJ12 = ∆
I
KA
KJ
11 , A
IJ
21 = (A
IJ
12 )
T ,
AIJ22 = ∆
I
K∆
J
LA
KL
11 , (A8)
where T stands for the transpose.
2. NFa and N
F
ab
The explicit expressions of NFa and N
F
ab are as follows:
N1I =
∇IV
2V
, N2I =
GIJϕ
J
2
2(3− ) , (A9)
and
N11IJ =
∇J∇IV
2V
− (∇IV ) (∇JV )
V 2
+
3 (∇IV ) (∇JV )
22V 2
+
3− 
43V 3
(∇IV ) (∇JV ) (∇KV )ϕK2 ,
N12IJ =
3 (∇IV )GJKϕK2
22(3− )V +
GJLϕ
L
2
43V 2
(∇IV ) (∇KV )ϕK2
− (∇IV )GJKϕ
K
2
22V
− (∇IV )GJKϕ
K
2
2(3− )V ,
N21IJ =
3 (∇JV )GIKϕK2
22(3− )V +
GILϕ
L
2
43V 2
(∇JV ) (∇KV )ϕK2
− (∇JV )GIKϕ
K
2
22V
− (∇JV )GIKϕ
K
2
2(3− )V ,
N22IJ =
GIJ
2(3− ) +
3GIKGJLϕ
K
2 ϕ
L
2
22(3− )2
+
GIKGJLϕ
K
2 ϕ
L
2
43(3− )V (∇MV )ϕ
M
2 −
GIKGJLϕ
K
2 ϕ
L
2
2(3− )
− GIKGJLϕ
K
2 ϕ
L
2
2(3− )2 . (A10)
Appendix B: NMSSM Higgs inflation
Higgs inflation based on the NMSSM is studied in Refs.
[10–12]. The NMSSM is also an extension of the MSSM
by a singlet field S, and the superpotential of its simplest
version (the Z3 invariant NMSSM) is (see Ref. [70] for a
review)
WNMSSM = WMSSM + λSHuHd +
ρ
3
S3, (B1)
where WMSSM is Eq. (9). Since one of the motivations
for considering the NMSSM is to solve the MSSM µ prob-
lem by generating an effective µ term as the expectation
value of the S field, the µHuHd term of Eq. (9) is usually
not included in the NMSSM. The parameters λ and ρ in
Eq. (B1) are not arbitrary but are constrained by the
conditions that (i) 〈S〉 = 0 is not the global minimum
(leading to ρ2 < λ2), (ii) there is no Landau singularity
below the grand unified theory scale (leading to λ . 0.8),
and (iii) µeff is in the electroweak scale (λ not too small).
If one gives up solving the MSSM µ problem and keeps
the µHuHd term of the MSSM, then λ can be taken ar-
bitrarily small, and the NMSSM approaches the MSSM
limit. In the NMSSM Higgs inflation model, the nonmin-
imal coupling ξ = γ4− 16 (see also the main text) is related
to λ via the normalization of the curvature fluctuations.
The value of ξ can be O(1) if λ is allowed to be tuned
small.
The NMSSM Higgs inflation model [10–12] is obtained
by supergravity embedding with the Ka¨hler potential
15
K ≡ −3Φ (we use the superconformal framework) with
Φ =1− 1
3
(|S|2 + |H0u|2 + |H0d |2 · · · )
+
γ
2
(
H0uH
0
d + c.c.
)
+
υ
3
|S|4. (B2)
The ellipsis represents the canonical Ka¨hler terms for the
other fields that are not relevant to the study of inflation.
Setting the charged Higgs to be zero and assuming that
the Hu-Hd D-flat direction and the singlet direction are
parametrized by two real scalar fields h, s as
H0u =
h
2
, H0d =
h
2
, S =
s√
2
, (B3)
the scalar-gravity part of the Lagrangian becomes Eq. (2)
in the Einstein frame. The scalar potential is V (φI) =
Φ−2VJ(s, h), with the Jordan frame potential in this case
reading
VJ(s, h) =
1
4
λ2s2h2 +
(
λ
2h
2 + ρs2
)2
4(1− 2υs2)
− 3
32
{
λγsh2 − 23 υs
3
1−2υs2
(
λ
2h
2 + ρs2
)}2
1 + γ4
(
3
2γ − 1
)
h2 + υs
4
12(1−2υs2)
. (B4)
There is a typo in Eq. (D4) of Ref. [12]. The function Φ
takes the form of Eq. (4). While Eq. (B4) differs from
Eq. (17) in details, the overall shape of the potential
is similar. In the Einstein frame, the Ka¨hler potential
parameter υ controls the stability of the potential V (φI)
in the s direction. Decreasing the value of υ enhances the
multifield effects, including the non-Gaussianities of the
primordial fluctuations. It is thus possible to constrain
the value of υ using the observational bounds of non-
Gaussianities, as we did in this paper for the HLI model.
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